Basement membranes are formed from condensed networks of extracellular matrix (ECM) proteins. These structures underlie all epithelial, mesothelial and endothelial sheets and provide an essential structural scaffold. Candidate-based investigations have established that predominant components of basement membranes are laminins, collagen type IV, nidogens and heparan sulfate proteoglycans. More recently, global proteomic approaches have been applied to investigate ECM and these analyses confirm tissue-specific ECM proteomes with a high degree of complexity. The proteomes consist of structural as well as regulatory ECM proteins such as proteases and growth factors. This review is focused on the proteomic analysis of basement membranes and illustrates how this approach can be used to build our understanding of ECM regulation in health and disease.
Introduction
Basement membranes (BMs) are essential extracellular matrix (ECM) structures within multicellular organisms. In most cases BMs form barriers that separate epithelial, mesothelial or endothelial cells from the underlying stroma. It is considered that laminin networks form the basis of all BMs [1, 2] and that type IV collagen networks provide structural strength and stability of BMs [3] . There are 16 different laminin αβγ trimers [4] and three different type IV collagen ααα trimers that are known to occur in nature [5] and these trimers form networks of sheet-like structures. Laminin and type IV collagen networks have differential expression throughout mammalian tissues [6, 7] , most likely conferring different physical properties to BMs. Indeed BMs fulfil varied and sophisticated roles in normal tissues, in addition to forming barriers, they direct cell differentiation, morphology and survival [8, 9] . As a result, BMs comprise an extensive repertoire of ECM components. Other well-characterised BM components include: heparan sulphate proteoglycans (perlecan, agrin), nidogens, type XVIII collagen and type XV collagen. However, this list is not exhaustive and the tissue-, developmental stage-and disease-specific expression of all putative BM proteins has yet to be determined.
BMs must be carefully regulated in health and their disruption often results in disease. Altered BM homeostasis is seen with an accumulation of ectopic ECM within BMs in fibrosis [10] [11] [12] , excessive BM glycosylation in diabetes mellitus [13, 14] and BM degradation associated with cancer metastasis [15] [16] [17] . Additionally, mutations in genes encoding BM components can cause hereditary diseases affecting multiple organs including nephropathy, sensorineural hearing loss , epidermolysis bullosa, occular abnormalities and neuromuscular deficit [18] [19] [20] .
It is therefore of clinical importance to characterise the spatio-temporal expression of BM proteins and the plethora of potential posttranslational modifications that occur in health and disease. This undertaking is a major challenge, however, with the development of ECM proteomics, new insights into the composition of ECM have been achieved [21] and the 'omic' approach complements more traditional candidate-based approaches.
Rationale for mass spectrometry-based proteomic investigation of BMs
Gene expression analysis techniques, such as microarray and RNA sequencing, enable global quantification of BM components at the transcript level. These analyses allow the collection of vast amounts of information, and are often used as surrogates for protein abundance. However, although powerful, these techniques frequently misrepresent the abundance of proteins within biological systems due to post-transcriptional regulation of protein abundance [22] . This phenomenon is particularly evident for ECM proteins, which may have low turnover, and indeed many studies have shown poor correlation between ECMtranscript and ECM-protein level [23] [24] [25] .
Mass spectrometry (MS) is a highly sensitive analytical technique that facilitates the detection and quantification of proteins, including those that are of low abundance, in a global manner.
Moreover, unlike gene expression analysis, MS-based techniques enable researchers to probe the plethora of potential post-translational protein modifications. The analytical instrument, a mass spectrometer, generates charged gaseous ions, measures the mass-tocharge ratio (m/z) of these ions and records the number of ions at each m/z value. MS analysis of whole proteins is known as "top down" proteomics. Since MS of whole proteins is less sensitive than MS of peptides [26] and biological samples are complex and frequently contain thousands of proteins, the m/z of an intact protein in a complex mixture by itself is insufficient for unique identification. In order to detect, and ideally quantify, all of the proteins present within a biological sample, proteins are digested to peptides referred to as "bottom up" proteomics. This is frequently performed using enzymatic trypsin digestion. The benefit of trypsin digestion is that predictable tryptic peptides are produced. Peptides have defined (either lysine or arginine) C-terminal protonated amino acids following trypsin digestion and this provides an advantage in peptide sequencing and subsequent database matching.
However, the m/z of tryptic peptides in complex mixtures is also non-unique leading to ambiguity. To perform global shotgun proteomics experiments tandem MS (MS/MS) is required, whereby peptide ions are selected, fragmented and detected. Information from both the precursor peptide (MS1) and the peptide fragments (MS2) enables the confident identification of peptides that in turn may be unique to, and therefore specific for, a given protein.
Peptide ions in the gaseous phase are most frequently generated by electrospray ionisation (ESI) [27] . These ions are then detected by mass analysers, which operate by measuring the trajectories of ions in an electric field or by trapping ions for further manipulation. Examples of mass analysers include: quadrupole mass filters, time of flight instruments, Fourier transform ion cyclotron analysers and the orbitrap. These analysers can be stand alone or assembled in series to take advantage of their various strengths.
Strategies to increase proteome coverage from a given sample, involve separating or fractionating the sample prior to analysis. This is achieved with high performance liquid chromatography (HPLC) [28] , which is a frequently used modality, and prior to HPLC proteins can be separated by SDS-PAGE [29] , off-gel electrophoresis (OGE) [30] and run as separate fractions. Although these techniques all increase total proteome coverage, they do not specifically increase ECM proteome coverage. For instance the introduction of OGE into a MS pipeline for ECM proteomics by Naba et al. led to a sixfold increase in proteins identified, but only a threefold increase in ECM proteins [31] . However, without this fractionation step growth factors were not identified within ECM enriched samples. In contrast, as discussed in this review approaches to isolate the ECM sub-proteome are essential for ECM/BM proteomic experiments.
To identify peptides, tandem MS (MS/MS), employs two analysis steps in series. Firstly, peptide ions within a narrow m/z range are selected by either data dependent or data independent acquisition. Data dependent acquisition (DDA) is the most commonly applied for global proteomics. Using DDA the most intense peptides are selected from an initial MS scan (MS1). The exact mass of this precursor peptide ion is determined and it is then fragmented along its backbone, usually by collision induced dissociation (CID), electron transfer dissociation (ETD) or higher energy C-trap dissociation (HCD). These fragment ions are then detected, giving rise to characteristic spectra derived from a single precursor, which can be used to deduce the sequence of the precursor peptide. DDA is sequential, so the next most intense ion is selected and so forth. Limitations in acquisition speed mean that certain lower intensity peptides may not be selected and therefore undetected. In contrast, MS2 spectra are acquired from all precursor peptide ions in data independent acquisition (DAI) mode. One example of DIA is sequential window acquisition of all theoretical mass spectra (SWATH-MS).
Theoretically, SWATH-MS allows all peptides to be analysed, and to identify peptides from the complete MS2 produced by mixed species of fragment ions. This technique negates the loss of low abundance peptide species theoretically increasing coverage of the proteome and the accuracy of quantification. The main challenges of DIA MS is the interpretation of multiplexed MS2 spectra originating from multiple precursors. Data interpretation is aided by spectral libraries containing MS of fragment ion spectra of peptides based on shotgun sequencing of natural, or synthetic peptides to obtain high-quality spectra for those proteins difficult to detect in the natural sample.
The next challenge is to determine the original proteins from which the identified peptides have arisen. Detected peptides can be compared to protein databases using algorithmic search engines. These databases have libraries of peptides predicted in silico from theoretical digests of the complete genome sequence of the organism of interest. By matching experimentally detected peptides to these databases, the identity of proteins in a given sample can be inferred. This is trivial in the case of peptides that are unique to a given protein, but pose a complex problem for peptides with sequences that are shared between proteins. As a result there is a wide range of software available for processing MS proteomic data and the most popular include; Mascot [32] , SEQUEST [33] , X!Tandem [34] , MaxQuant [35] , Andromeda [36] and Proteome Discoverer [37] .
Quantification
Usually the aim of a MS experiment is to compare the relative abundance of proteins between different biological conditions. In addition, researchers would like to be able to discount copurified contaminant proteins from their datasets by using 'subtractive proteomics' where proteins detected in similar quantities in control samples and experimental samples can be filtered from the data. It is not feasible to determine absolute quantification of all peptides in a global proteomic experiment, since this would require the use of peptide standards for each of the peptide identified and therefore relative quantification is performed.
The incorporation of 'heavy or light' isotope labeled lysines and arginines into different biological samples can be used to aid quantification of proteins by MS. This approach, known as stable isotopic labeling using amino acids in cell culture (SILAC), enables peptides from different samples to be distinguished within a single MS analysis [38] . This technique is used mostly in cell culture and use in vivo is limited, however, this has been performed with the generation of the SILAC mouse [39] . Another labeling technique, termed iTRAQ, utilizes isobaric tags that have the same intact mass but have different masses when fragmented and detected at MS2 [40] . The fragment spectra from the isobaric tags are then used as a correlate of relative peptide abundance. The benefit of performing labelled proteomics is that technical variability can be negated by multiplexing and analysing samples simultaneously in a single combined MS analysis. The drawback of such experiments is that samples are increased a number of fold in complexity as well as individual samples being more dilute in the combined sample.
Label-free quantification strategies allow the comparison of many MS analyses. Spectral counting, which correlates the number of observed mass spectra matched to peptides from a protein to the abundance of that protein [41] , peptide counting [42] , peptide ion signal measurements [43] are examples of label-free quantification and a combination of these parameters has also been used [44] . Spectral counting is suitable for any MS data, but is less sensitive than peptide ion signal measurements. In order to use peptide ion measurements chromatographic alignment is key, leading to potential issues pertaining to the properties of LC columns during use, resulting variability in retention times of identical peptides in different MS runs. Label-free proteomics is suitable for any sample type including human tissue and has the benefit of reduced cost as expensive labeling procedures are avoided. The continual development of instrumentation and software for MS analysis has increased the precision and accuracy of both labeled and label-free quantification.
In silico prediction of the matrisome
In 2009 Ricard-Blum and colleagues published an article describing MatrixDB, on online resource cataloguing protein-protein and protein-carbohydrate interaction data [45] . MatrixDB focused on ECM proteins, originally reporting 259 extracellular proteins, but also included cellular proteins which interact with ECM proteins. Two years later Hynes and colleagues published a considerable body of work defining the genes within the mouse and human genomes that encode ECM proteins. The resultant database was the first comprehensive in silico predication of the in vivo 'matrisome' [46] . The term matrisome was first coined in the context of BMs [47] , referring to the structural components of ECM, but has since been expanded to include proteins that interact with, or modify, the ECM. Identifying protein domains that are definitive components of ECM protein structure led to the first drafts of the human and mouse matrisomes. These protein domains were based on published data and an iterative query of the UniProt protein database [48] . Initial lists of putative ECM proteins were refined by the removal of proteins that contain domains that preclude a protein from being an ECM protein. These dynamic lists are now manually curated and constantly updated with the growing understanding of the ECM [21] . The current mouse and human matrisomes contain 1110 and 1021 proteins respectively. These catalogues form immensely powerful resources for BM researchers, allowing the rapid identification of known ECM proteins from a complex dataset.
The number of matrisome proteins that are expressed in BMs is unclear. Using gene ontology definitions, 103 proteins from mouse and human are annotated as BM, but this list includes cell surface proteins that are involved in BM organisation, such as dystroglycan and CD151.
In contrast, the in silico matrisome has a much stricter annotation with only 24 proteins being annotated as BM [21] . These are the most well characterised BM proteins, including: type IV collagens, laminins, collagen XV, collagen XVIII, perlecan and nidogens. Because ontology definitions and large databases may contain misleading or incorrect BM annotations, it is essential to manually check individual proteins against the literature or perform immunolocalisation experiments to confirm BM localisation. By utilising in silico predications and the plethora of large proteomic datasets that are available it is possible to map tissue expression of putative BM proteins, based on manual curation of GO and the human matrisome, showing the most highly expressed BM proteins across tissues ( Figure 1 ). GO, Matrixdb and the matrisome are extremely useful resources for BM researchers, however, biochemical analysis with solubility profiling and immunolocalisation of putative BM components is required to unequivocally assign BM localisation to a given protein.
ECM enrichment strategies for MS-analyses
Advances in proteomic pipelines have enabled the detection and quantification of thousands of peptides in very complex mixtures. However, because most MS experimental set-ups use data dependent acquisition therefore identifying only the most abundant peptide ions for given m/z, certain protein subsets are inevitably under-sampled. BM proteins are underrepresented in the vast majority of available whole tissue or whole cell datasets because the experimental approaches used for protein extraction are not optimised for identifying BM proteins. To analyse BM composition it is therefore important to consider enriching for this sub-proteome prior to MS analysis.
Analysis of BM proteins is limited by their physicochemical properties: they are frequently large in size, have copious post-translational modifications and because of their high degree of crosslinking are poorly soluble. The majority of MS experiments analyse whole cell or tissue lysates generated by detergent-based lysis buffers. These lysates are saturated with cellular proteins that invariably mask the identification of BM proteins. Moreover, highly insoluble proteins, including BM proteins, are often cleared from tissue lysates through centrifugation and discarded in the pellet. Therefore the BM remains an under-sampled proteome despite the growing number of MS analyses that have been performed. What is more, the BM of interest is often embedded within larger structures and difficult to isolate or extract. For example, at the dermal-epidermal junction, the skin BM is linked via type VII collagen anchoring fibrils to the underlying dermis, which is rich in type I and III fibrillar collagens. A second example is the glomerular BM within the kidney, which is sandwiched between epithelial (podocyte) and endothelial cell layers, and interacts with mesangial cells and ECM.
The close association of BMs to cells and other ECM structures poses difficulties in dissociating and isolating BMs. However, a number of research groups are starting to overcome the challenges associated with the proteomic analysis of BMs.
The low solubility of BM proteins can be utilised to isolate BM protein-enriched fractions. A number of methods have now been described [49] and these follow variations of a common theme with the following sequence. Tissue samples are first homogenised to increase the surface area to volume ratio enabling efficient diffusion of buffers into the tissue. The second step typically uses high concentration NaCl to release proteins that are loosely bound to the ECM. The third and fourth steps use, Triton-or sodium dodecyl sulfate (SDS)-based lysis buffers and mild mechanical disruption for several hours to achieve the removal of cellular components. In the final step, the proteins are solubilised and denatured using urea or guanidine and proteins precipitated with ethanol, methanol or acetone. The most insoluble fraction typically contains the vast majority of the collagen, laminin and other core BM proteins, which are discarded in most tissue lysis processes. The earlier fractions often contain more soluble BM-associated proteins, such as growth factors and matrix-remodelling proteins, which are also considered to be part of the matrisome. Therefore, analysis of all fractions generated will produce the largest coverage of the BM proteome. Co-purified contaminant proteins can be filtered from BM proteome datasets using 'subtractive proteomics' to this end both gene ontology definitions and the matrisome resource are powerful tools.
Tissue proteomes

Vascular ECM proteomics
BMs are crucial for the structural integrity of blood vessel walls, and remodelling of these ECM structures has been implicated in a number of vascular pathologies. Mayr and colleagues have studied a number of vascular proteomes using ECM enrichment coupled to MS. Their ECM extraction process commences with 0.5 M NaCl to release loosely bound ECM proteins, SDS to remove cellular components and 4 M guanidine to solubilise the detergent resistant ECM fraction [50] . Normal human aorta was studied first and, by combining MS data from NaCl extracts and guanidine extracts, 103 ECM proteins were detected. ECM proteins that had not previously been associated with the ECM of blood vessels were revealed, including podocan, sclerostin and agrin. Podocan is an atypical proteoglycan, which had only been identified in the glomerular BM as a product of kidney podocytes [51] . Having characterised the ECM of normal human aorta, the MS analysis pipeline was applied to three additional studies of vascular ECM, with all datasets available via the website: http://www.vascularproteomics.com/. Next, aortic disease with abdominal aortic aneurysms (AAA) [52] , which are characterised by pathological elastolysis and collagenolysis of the aortic ECM was investigated. Collagen XII, tenascin, thrombospondin 2, fibronectin, ACLP, and periostin were found to increase in AAA samples relative to normal aorta. Furthermore, subsequent analysis revealed MMP-12 induced extensive fragmentation of fibronectin and cleaved collagen XII, tenascin, and periostin in AAA samples.
In a subsequent study, the same group analysed ECM derived from cardiovascular tissues from a porcine model of ischemia/reperfusion (I/R) injury [53] . Two distinct cardiac regions were analysed using both proteomics and gene expression: the focal injury in the left ventricle and the border region close to the occluded coronary artery. As reported by others in subsequent studies [23] [24] [25] , the regulation of mRNA levels did not correlate with regulation of ECM proteins. Although gene expression of ECM proteins was similar in both regions, the corresponding protein levels were much higher in the focal lesion. The analysis identified proteins that contribute to cardiac remodeling in this context including cartilage intermediate Further analysis revealed that (BM)-associated proteins, such as collagen VI, perlecan and tenascins, were predominantly affected by digestion with chymase. In contrast, no effect was observed on type I collagen, suggesting that increased chymase levels cannot attenuate collagen I accumulation in varicose veins.
Overall, these analyses further our understanding of the composition of the vascular extracellular environment and provide insight into ECM remodeling and degradation during pathological processes.
The tumour niche
The tumour niche is a fascinating ECM proteome, which has been studied using human mammary carcinoma xenografts [55, 56] . In these MS experiments the ECM produced by host mouse stromal cells could be readily distinguished from the ECM produced by the human carcinoma due to the differences in mouse and human protein sequence. Naba MS analysis revealed that certain BM components were expressed only by the tumour cells alone (laminin chains α3, β3, γ2), by both compartments (laminin chains α5, γ1, type VI collagen α3, perlecan) or by the stroma alone (nidogens 1 and 2). In addition, several BM components (laminin chains β1 and β2, and the collagen chains IV-α1, IV-α5 and XVIII-α1) were secreted in poorly metastatic tumours mostly by the stroma, whereas in highly metastatic tumours, they were secreted by both the tumour cells and the stromal cells. In addition, 36 ECM proteins were found within the tumour niche in both highly metastatic and poorly metastatic tumour models. However, the origin differed as a function of the metastatic potential. In poorly metastatic tumours, fibronectin and periostin were secreted by the tumour cells, but in the presence of highly metastatic tumour cells stromal cells were induced to also secrete these proteins. Overall, these studies demonstrate the dynamic nature of the ECM, the potential for switch with regard to cellular origin and the association of certain ECM components with disease severity.
Proteomic analysis of purified basement membrane from the eye
The mammalian eye is an ideal tissue system to discover the composition of BMs via MSbased proteomics. This is because the BMs in the eye are thick and relatively accessible. According to definitions based on MatrixDB, the in silico matrisome and the UniProt database, 202 proteins were designated as ECM. The dominant type IV collagen trimer in lens capsule (LC) and retinal vascular BMs had a chain composition of α1α1α2, in contrast the dominant type IV collagen in the ILM was the α3α4α5, which has a more tissue restricted expression pattern (Figure 1 ).
Glomerular ECM proteomics
Glomeruli are the individual filtration units of the kidney and are comprised of a bundle of specialised capillaries enclosed by Bowman's capsule. Glomerular capillary walls act as selective filters that are lined by endothelial cells, covered by epithelial cells known as podocytes and between the two cell layers there is the glomerular BM (GBM). The ECM compartments in the glomerulus are the GBM of the capillary walls in addition to the mesangial matrix and the matrix associated with Bowman's capsule. We investigated the human glomerular ECM using proteomics and identified 144 ECM proteins [58] . The ECM signature we described includes all previously identified glomerular ECM components, in addition to many new and abundant components. We demonstrated that both type VI collagen and tubulointerstitial nephritis antigen-like 1 were abundant components of the normal human glomerular ECM. By generating and analysing a protein-protein interaction network for the glomerular ECM, we identified a core of highly connected structural components. Topological network analysis confirmed that BM proteins formed a highly connected "core" sub-network, whereas ECM-associated proteins were less clustered and connected in the network.
We subsequently narrowed our focus and analysed the specific cellular contributions to the GBM. To do this, we isolated ECMs derived from podocytes and glomerular endothelial cells in vitro [59] . With subsequent MS analysis, we identified 127 extracellular proteins in endothelial-derived matrices and 142 extracellular proteins in podocyte-derived matrices.
These analyses indicated distinct contributions to the GBM by the two cell types. Furthermore, coculture of podocytes and endothelial cells resulted in organisation of their ECM into structures between the two cell types that, compared with the thin, underlying ECM produced in monoculture, more closely resembled the in vivo GBM. This suggested a role for cell-cell crosstalk in the production of the GBM. Importantly, MS analysis revealed that compared to monoculture, the coculture ECM proteome better resembled the tissue-derived glomerular ECM dataset, indicating its relevance to the GBM in vivo. One component of the in vivo glomerular matrix identified in coculture, but absent in monoculture, was hemicentin a protein which is key for connecting adjacent basement membranes [60] (Figure 2 ). During glomerular development the GBM forms by the fusion of two distinct BM one derived from glomerular endothelial cells and the other from podocytes, these data suggest that hemicentin may play an important role in this process . Interestingly, BM proteins detected in the in vivo glomerular matrix, but absent from the in vitro-derived ECMs include laminin α1 and α2 and type IV collagen α6. Laminin α1 and α2 are usually expressed by mesangial cells and type IV collagen α6 is present in Bowman's capsule, suggesting contributions of these compartments to the in vivo glomerular matrix.
To understand better how the glomerular ECM changes in disease, we used a mouse model of early glomerular dysfunction. Increased albumin excretion into the urine (albuminuria) is a marker of glomerular barrier dysfunction and predicts the development of chronic kidney disease [61, 62] . FVB/NHanHsd mice have fewer glomeruli than C57BL/ 6JOlaHsd mice, and within strains males have fewer glomeruli compared with females [63] . As a result, albuminuria develops earliest in FVB/NHanHsd male mice and latest in C57BL/ 6JOlaHsd female mice.
Applying our ECM enrichment-MS pipeline, we discovered unique strain-and sex-dependent glomerular ECM signatures that correlated with variations in albuminuria [64] . The ECM proteome differences we discovered were concomitant with striking ultrastructural thickening and irregularity in the GBM. These changes in BM structure occurred in the absence of differences in abundance of known GBM components, such as type IV collagen α3α4α5 and laminin α5β2γ1. Instead netrin 4, type I collagen and tenascin C were significantly altered.
Lung ECM proteomics
Pulmonary fibrosis, the result of uncontrolled ECM deposition, is a major cause of mortality in the developed world [65] , yet, this process remains poorly understood. However, the ECM proteome of the murine lung has now been studied in depth in order to better understand this pathology. In 2012 Hynes et al analysed the proteome of enriched ECM extracted from murine lung [46] . The MS analyses identified 143 ECM proteins. The vast majority of collagens, proteoglycans and expected BM components were identified. In 2015 a further two studies were published mapping the changes in lung ECM upon acute injury. Emson and colleagues used an innovative proteomics platform quantifying the fractional synthesis rates of proteins via stable isotope labelling and LC/MS-based mass isotopomer analysis [66] . Mice were labelled with heavy water for up to 21 days following the induction of lung fibrosis with bleomycin. Lung samples were collected for sequential protein extraction to fractionate cellular, guanidine-soluble ECM proteins and residual, insoluble ECM proteins. This approach enabled the quantification of ECM protein kinetics during the onset of chemically-induced pulmonary fibrosis. The different fractions from the ECM enrichment protocol were analysed and found that the more insoluble the ECM compartment, the slower the fractional synthesis rate. The interpretation of these data is that more insoluble ECM components were older and more mature, which was supported by quantification of pyridinoline cross-links, which increased with insolubility. The synthesis rates of biglycan and decorin, two small leucine-rich proteoglycans associated with collagen fibril assembly and growth factor signalling, were noted to be particularly rapid, with > 60% labelled in both control and bleomycin-dosed lungs after just one week. Similarly label incorporation into fibronectin was >75% in both control and bleomycin-dosed lungs within one week. Bleomycin-induced injury led to a moderate increases in newly synthesised ECM proteins after one week, but large increases in the amount of newly synthesised ECM proteins after three weeks. The percentage of newly synthesised fibril-forming collagens type I, III, V and VI were particularly increased by bleomycin-induced injury, in addition to BM proteins type IV collagens, laminins and nidogens.
Schiller et al also utilised the bleomycin model to induce acute fibrotic lung injury and studied both the acute injury and resolution [23] . Total tissue and bronchoalveolar lavage fluid (BALF) was analysed over the course of 8 weeks [23] and a 4-step detergent extraction, was utilised to increase ECM proteome coverage, as described previously. Coupling this approach to a next-generation Quadrupole-Orbitrap mass spectrometer (Q Exactive) enabled accurate intensity-based label-free quantification. Overall 8,366 proteins, of which 435 were known matrisome proteins, were detected.
The authors also coupled this proteomic analysis to complementary RNA-sequencing data.
Interestingly BM proteins were reduced by bleomycin injury even though their transcripts were upregulated. In fact, the relationship between transcript data and proteomic data was found to be complex and not directly correlative. The α3-and α5-laminins were most abundant in adult mouse lung, followed by α4-laminins. The α1-and α2-laminins, which are mainly restricted to embryonic development [67] , were at least ten-fold lower than all other laminins. Upon injury, the high-abundance laminin chains were down regulated at day 3 and day 14 together with the type IV collagen chains. In contrast, the laminin α1-, α2-, and α4-chains were upregulated early upon injury, suggesting a potential role in the early phase of tissue repair. Interestingly, these developmental laminins are implicated in the pathogenesis of Alport syndrome caused by type IV collagen mutations and associated with kidney, eye and hearing defects [68] . In addition, complement components and ECM proteases ADAMTS1, ADAMTS15, MMP2, MMP12 and MMP14 were increased in abundance with bleomycin injury. Moreover, BM proteins were found to become more soluble with acute lung injury due to proteolytic processing. By taking these data in the context of Emson and colleagues study, acute lung injury appears to promote the synthesis of BM proteins, but this is overcome by enhanced degradation resulting in overall loss of BM components. In contrast, other ECM proteins, including fibronectin and fibrillar collagens, have increased synthesis that is not balanced by degradation leading to accumulation of these ECM proteins in the damaged lung.
By analysing the soluble fractions in addition to the insoluble fractions generated during the ECM enrichment protocol, Schiller et al were able to detect altered association of morphogens to the insoluble matrix upon injury. The authors also assessed whether proteins changed in terms of solubility and indeed the BM protein netrin 1 became more soluble with injury without an overall change in abundance.
The recovery after bleomycin-induced injury MS was used to investigate the resolution of fibrogenesis [23] . 154 ECM proteins had changes in abundance during injury/fibrogenesis compared to the resolution phase. This analysis revealed emilin-2 and collagen XXVIII as putative constituents of the repair ECM. Furthermore, in order to correlate temporal MS protein levels with the degree of fibrosis/stiffness, the authors used a lung compliance test as a surrogate for lung fibrosis/stiffness. Decreased compliance is indicative of increased lung fibrosis/stiffening. In this analysis 54 matrisome proteins had a significant correlation with lung compliance. For example, BM proteins such as type IV collagen α5 correlated positively with compliance, whereas tenascin C inversely correlated with compliance. These studies highlight the importance of BM proteins for lung function, lung compliance and for the resolution of injury.
Expression and interactions of basement membrane proteins
By combining whole normal human tissue proteomic datasets, it is possible to map the expression of BM proteins. From these open access proteomic datasets we selected BM proteins and identified the expression of 71 BM proteins across 39 tissues (Figure 1 ). Some BM proteins were detected in every tissue: COL18A1, FBLN1, FN1 and LAMB2 and many proteins were present in only one or two tissues: AGRN, COL4A2, EFEMP1, HSPG2, LAMB1, LAMC1, NID1 and TGFBI. However, because these datasets were not generated with a focus on the ECM, a number of BM components that one would expect to be detected in the same tissue (given known chain combinations), were not co-detected. For example, although COL4A2 was detected in 37/39 tissues, COL4A1 was only detected in 30/39 tissues. This is in contrast to datasets that have used ECM enrichment strategies. Using datasets that used ECM enrichment from normal tissues, the expression of 62 BM components could be mapped (Figure 3 and 4) . Here, there were fewer (11) available datasets. COL15A1, COL18A1, COL4A1, COL4A2, FN1, HSPG2, LAMA2, LAMA5, LAMB2, LAMC1, NID1, NID2, TGFBI and TNC were detected in every dataset and AGRN, COL4A4, COL4A6, COL5A1, FBN1, LAMA2, LAMA3, LAMA4, LAMB1, TIMP3 and VWA1 were detected in 10/11 datasets. Thus highlighting the core BM components.
In whole tissue proteomic datasets, the network-forming COL4A3, COL4A4, COL4A5 and COL4A6 proteins were detected in between 13-33% of tissues; thus, these subunits appear to have a highly tissue restricted expression pattern. In contrast, ECM-enriched datasets reveal that these proteins are detected in 80-90% tissues. The same is true for LAMA2, LAMA3 and LAMA4, which appear to have restricted expression in whole proteomic datasets, but are detected in 90% of ECM enriched datasets. This could reflect the lower abundance of these laminin and collagen isoforms in comparison to the more abundant and ubiquitous COL4A1, COL4A2, LAMA5, LAMB1 and LAMB2 isoforms. Also of note, the number of tissues where a BM protein is expressed correlates with the number of known protein-protein interactions that the protein forms (Figure 4 ).
Future directions
Glycoproteomics MS-based studies have started to reveal the true extent of protein post-translational modifications (PTMs). Thousands of modifications can now be characterised and localised to specific protein sequences. The quantification of PTM levels across different biological samples is also possible with label-free methods [69] . Furthermore, it is possible to record the occupancy or stoichiometry of PTM sites on a large scale. However, a complete inventory of sites has not been established for any PTM. Glycosylation is particularly prevalent in BM proteins and these modifications are essential for the normal function of BMs. Although it is now possible to define modification sites of proteins, determining the structure of glycosylation is a complex problem. N-linked glycosylation modifications can be extremely heterogeneous, and glycosylated tryptic peptides can be too large and hydrophilic to be captured by conventional reversed-phase liquid chromatography. One option to avoid this problem is to use proteases with different cleavage specificities such as chymotrypsin, Lys-N, or endoproteinase Glu-C in addition to trypsin and these approaches may yield further insight into the extent and nature of BM protein glycosylation.
Glycocapture is a technique for enriching glycoproteins for analysis. These techniques often involve labelling glycan groups such as using metabolic labelling with chemoselective ligation, such as click chemistry. In the first description of click chemistry cycloaddition of an azide and alkyne for metabolic labelling of glycans required the use of copper (I) ions, which are cytotoxic at high concentration [70] . In further studies, copper-free ligation of azide and alkyne, in addition to Staudinger ligation between azide and phosphine, have been developed for labelling glycans in live cells [71, 72] . Other approaches to enrich for glycoproteins include lectin chromatography [73] , titanium dioxide enrichment [74, 75] , solid-phase extraction of Nlinked glycopeptides [76] , and the use of hydrazide chemistry to modify glycans for subsequent enrichment [77, 78] .
Alternative digestion strategies
Collagen IV is the most abundant structural protein in BMs. Tissue specific roles for type IV collagen α3α4α5 and broader expression of α1α1α2 are reflected in the phenotypes of human diseases caused by genetic mutations on type IV collagen [79, 80] . Type IV collagen has a large number of PTMs, including hydroxylation of proline and lysine and glycosylation of lysine residues, which contribute to the structural features required for its different biological functions. Both glycosylation and hydroxylation of type IV collagen was investigated by Vanacore and colleagues [81] . In order to characterise PTM sites in type IV collagen comprehensively by MS, the authors needed to overcome a number of limiting factors. Firstly, glycosylated lysine residues do not undergo tryptic cleavage. Secondly, in silico analyses suggested that trypsin, the most commonly used proteolytic enzyme for MS analyses, would generate very long and heavily modified collagen IV peptides, which are not easily detectable through conventional MS-based identification. This problem is evident in many proteomic analyses of BM proteins, in which collagen IV is reported with low abundance and low sequence coverage. Through in silico prediction the endoproteinase Glu-C produced the best results in terms of shorter peptide length and number of PTMs per peptide compared with trypsin.
A multilevel strategy for the analysis of mouse Col4a1, which included either trypsin or Glu-C digested Col4a1, and three different fragmentation approaches, either collision induced dissociation (CID), electron transfer dissociation (ETD) or higher energy C-trap dissociation (HCD). All three fragmentation strategies produced complementary information. The same parent ion analysed with the different fragmentation approaches enabled primary structure information to be inferred by one method where the other method did not provide informative data. By using these complementary methods, 82% of sequence coverage was achieved for the 7S domain and 81.5% for the full-length Col4a1, mapping 39 glycosylated hydroxylysine residues, 148 4-hydroxyproline residues, and seven 3-hydroxyproline residues. Additional deglycosylation experiments with PNGAse F, revealed a single N-glycosylation site in the 7S domain. These findings revealed the extent of collagen IV modification and lay the foundation for dissecting the key role of these modifications in health and disease.
Degradomics
Within BMs proteolytic activity is crucial because new BM components are synthesised at a relatively rapid rate even in normal tissues [66] and therefore old components need to be degraded to prevent pathological accumulation of BM components. Proteolytic activity within the ECM is dysregulated in disease, for instance loss of TIMP3 in is associated with the rupture of atherlosclerotic plaques [82, 83] . Within tissues, proteomics can be used to detect the presence of peptide fragments, which in turn can be used to infer the activity of specific proteolytic enzymes [52, 54] . Proteomics can also be utilised for global analysis of protease cleavage site analysis, and this approach is also known as degradomics. With this technique information about both the protein targets and sites of cleavage for a specific protease can be revealed. These approaches rely on either positive or negative selective enrichment of Ntermini generated by modifying free α-amines and the neo-N-termini of protease cleavage products [84] [85] [86] [87] [88] .
Terminal amine isotopic labelling of substrates (TAILS) is a three-step quantitative proteomics approach for labelling and isolating N-terminal peptides before and after exposure to a protease of interest. TAILS has been applied to matrix metalloproteinase (MMP)-2 cleavage sites in mouse fibroblast secretomes, revealing 288 sites [89] . Using TAILS more than 3000 cleavage sites were identified for five different astacins. Meprin α and meprin β proteases exhibited a strong preference for aspartate in the peptide (P)1 position because of a conserved positively charged residue in the active cleft subsite (S)1. This unparalleled specificity has not been found for other families of extracellular proteases. Interestingly, cleavage specificity is also strongly influenced by proline in P2 or P3 leading to a rare example of subsite cooperativity. A further example is the cleavage site profiling of the proteases ADAM10 and ADAM17, which have been shown to play important roles in inflammation, cancer, and neurodegenerative disorders [90] . The cleavage site specificities of ADAM10 and ADAM17 were shown to vary at the P1′ site: while both enzymes cleave at leucine, only ADAM10 expresses preference toward aromatic amino acids, whereas ADAM17 exhibits the highest preference for valine, in good agreement with ADAM10/17 cleavage sites previously identified [91] .
A combined approach of iTRAQ-based terminal amine isotopic labeling of substrates (iTRAQ-TAILS) with SILAC was utilised by Keller and colleagues to assign proteins to a specific cell type by MS1-and their cleavage by MS2-based quantification in the same experiment. By using this hybrid technique they investigated the matrix metalloproteinase MMP10-dependent processing of extracellular proteins derived from either keratinocyte or fibroblast secretomes to give insight into processing of proteins such as collagens and laminins at the dermal epidermal interface [92] . In a subsequent study the same group applied the same methodology and identified integrin α6, cysteine-rich angiogenic inducer 61 and dermokine as novel MMP10 targets. Further experiments validating this data using transgenic mice overexpressing MMP10 suggested that MMP10 modulates local adhesion and migration during wound healing and cancer development [93] . A greater understanding about BM degradation in disease processes, through the identification of cleavage sites and peptide fragments also has the potential for identifying new disease biomarkers [94] .
Conclusion
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